This work investigates the performance of underwater spark discharge relating to bubble growth and decay under high pressure and with salinity conditions by introducing a modified form of the resistance equation. Here, we study salinity influence on circuit parameters by fitting the experimental data for which gap resistance is much larger in conductive water than in dielectric water. Accordingly, the resistance equation is modified by considering the influence of both plasma and its surrounding liquid. Thermal radiation effect of the bubble is also studied by comparing two different radiation models. Numerical results predict a larger bubble pressure for saline water but a reduced size and a smaller bubble cycle at a greater water depth. Such study may be useful in many saltwater applications, including that for deep sea conditions. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Since its inception nearly ninety years ago, 1 underwater spark discharges were investigated and employed in various applications. Examples include underwater acoustic source in deep ocean oil prospecting 2 and minesweeping applications, 3 underwater plasma source in advanced water sterilization method, 4, 5 powerful underwater shock wave source in extracorporeal lithotripsy 6 and oil well dredging, 7 and active reaction source in water treatment. 8, 9 In recent decades, many related experiments [10] [11] [12] [13] [14] had been designed for understanding the mechanism of this complex physical phenomenon. Based on these experimental results some theoretical and empirical models [15] [16] [17] [18] [19] have also been developed to predict the shock wave pressure, electro-acoustical efficiency, chemical reaction, ionization, and associated plasma processes.
The brief ($microseconds) mechanism of underwater spark discharge can be divided into two parts. At the beginning of the first part, when the capacitor, charged with a high voltage, is connected to the discharge circuit, a high electric field (E > MV/m) is formed in the liquid channel between the two submerged electrodes. Immediately after, in a nonconducting liquid, such as pure water, a low density channel is formed between the electrodes due to several possible mechanisms, such as small void generation by electrostatic repulsion and electrostriction force, 11 or the presence of a seed gas bubble inside the gap. 20 Then, an electrical spark discharge is initiated within this channel due to high E-field. In a conducting liquid like seawater, this high electric field generates a large current, which directly goes through the liquid and forms an evaporation channel in it. During the second part, both conducting and non-conducting liquids violently release the energy stored within the capacitor through the formed channel as the Joule heating effect evaporates the liquid, and eventually dissociates and/or ionizes its constituents. 6 Consequently, the channel with high pressure and temperature expands rapidly in all directions as a spherical "bubble." This bubble wall starts oscillating due to compressibility effect generating sequential spherical acoustic compression waves. In summary, the first part of underwater spark discharge process is the bubble initiation due to a high electric field, and the second part is the pulsed energy release, bubble expansion and oscillation. Importantly, the bubble characteristics are determined from the second part, which we model and simulate in this paper.
Since the underwater spark discharges are frequently used in conducting liquid such as seawater, the salinity of water, which affects the conductivity, should influence the rate of energy release in the water, and thus influences the bubble growth. There are a few experimental studies that show advantages of spark discharge in a conducting liquid. For example, Bourlion et al. 6 reported no latency period before discharge and a significant reduction on the wear of the electrodes in electro-conductive solution compared to that in pure (dielectric) water. However, the underlying mechanism explaining the influence of salinity on the bubble growth is yet to be reported. Also, many applications of underwater spark discharge are at great ocean depths that generate extremely large ambient pressures. This area of research remains largely unexplored, necessitating a fundamental study of bubble characteristics under these extreme conditions.
In this paper, we present theoretical simulations of the bubble generated by underwater spark discharge using a circuit model with salinity and large ambient pressure effects, and analyze their influencing mechanisms. Furthermore, the effects of circuit parameters are also investigated.
II. THEORETICAL ANALYSIS

A. Assumptions
The following assumptions are made for the theoretical model: (1) The bubble is a symmetric sphere. Assumption (1)- (3) are made to simplify the problem to a zero dimensional (0-D) model. Assumption (4) is made due to the fact that the bubble generated by spark discharge grows with a high wall velocity (>transonic). Consequently, thermal conduction in this fast process can be neglected, 21 which is assumption (5) . Finally, assumption (6) is made according to the plasma parameters obtained in the experiment. 6 The temperature and electron density of plasma inside the bubble can reach up to 5 eV and 10 28 m
À3
, respectively; for which, the lifecycle of the plasma is several milliseconds. In order to be considered as LTE plasma, this transient plasma must fulfill two criteria 22 N e ! 10 23 kT
where N e is the electron density, k is the Boltzmann constant, T is temperature, E H is the first ionization energy of hydrogen (or oxygen) atom, E n is the nth electron state energy, s is the relaxation time, f 21 is the absorption oscillator strength, and N þ and N are the number density of ions and neutral atoms, respectively. In Ref. 22 , it was shown that for this plasma N e ! 10 24 m À3 and s < 10 À9 s which satisfy the LTE criteria from Eqs. (1) and (2) .
B. Bubble model
In this work, we used an effective model published by Lu et al. 15 with some modification to simulate the bubble variation. According to the assumptions listed above, the 0-D bubble model of underwater spark discharge should consider water compressibility and neglect thermal effects on the surrounding water. So, the Kirkwood-Bethe approximation of bubble equation of motion, as an effective model, is employed to simulate bubble oscillation process
In Eq. (3), H, the specific enthalpy, and C, the speed of sound, are the properties of liquid attaching the bubble, and R is the radius of the bubble. Since thermal effects are neglected in the water outside the bubble, explicit expressions for C and H can be derived by using the modified Tait equation of state
where p and q are the pressure and density of liquid attaching the bubble, p 1 and q 1 represent the pressure and density of water in the undisturbed region far from the bubble. The constants B ¼ 3:04913 Â 10 8 Pa and n ¼ 7.15 are based on reasonable matching with the experimental pressure-density relation of water in the pressure range up to 10 GPa. 24 Since the bubble wall is an interface of water and vapor, there is a difference between pressures on both sides of the wall due to normal stresses, which is
Here, p B (t) and p i (t) are the pressures on the liquid side and vapor side of the interface, respectively, r is the liquid-vapor surface tension, and l is the viscosity of the liquid. However, the pressure difference (10 5 Pa) caused by surface tension and liquid viscosity is much less than the internal pressure (10 8 Pa) generated by spark discharge. So, this difference can be neglected and p is used to represent the pressure on both sides of the bubble wall in the rest of this paper.
Unlike arc discharges, which generally keep the plasma channel connecting the electrodes for longer periods and consume large amount of energy, spark discharges use less energy and only produce transitory conductive channels that bridge the gap between the electrodes. 10 Bubble pressure can be calculated using ideal gas model with contributions from all particles inside the bubble
where k is the Boltzmann constant, T is the temperature of plasma, N is the number of equivalent whole water molecules in the bubble, g(N, V, T) is the ratio of the number of all particle species to N (such that Ng is the total particle number in the bubble), and V is the bubble volume which is expressed by the bubble radius R. In order to derive the expression for temperature, T, the time derivative of the internal energy, E, is needed
Since the bubble here is an open system, a different expression for the energy balance with energy flow can be derived from the first law of thermodynamics
where q input is the energy flow injected in the spark between the electrodes from circuit, q rad is the heat flow due to radiation, c is the fraction of the radiant energy absorbed by the bubble interface for evaporation, q m is the energy flow that includes evaporation, condensation, and heating due to the mass exchange through the interface. By combining Eqs. (7) and (8), the expression for T is
In order to derive the expression of internal energy, E, needed for solving Eq. (10), the analysis of the internal content of the bubble should be predetermined. Inside the bubble, we can simply consider reactions due to high temperature and pressure, dissociation of water molecules into separated atoms and ionization of hydrogen and oxygen atoms. Since we have assumed that the plasma inside bubble is in LTE, the dissociation and ionization processes must be in equilibrium. For such an equilibrium, let S be the probability of the state that gas of i species with N i particles has in a given volume, V. The probability for dissociation is
where Z i is the partition functions for each particle species i. For hydrogen and oxygen atoms, the expression is
where h is the Planck constant, g i is the degeneracies of the particle i, and m i is the mass of the particle i. The partition functions for water molecules are identical, except there the binding energy, D, is included.
From dissociation of N water molecules, we have
Then, taking the derivative of the natural log of Eq. (11) and using Stirling's approximation for N; N i ) 1, we can get the dissociation equilibrium expression
For ionization equilibrium, the ionization potential is the same for both hydrogen oxygen atoms. So, only the ionization equilibrium equation of the hydrogen atom is calculated for both atom ionization processes
where I 1 is the first ionization potential of hydrogen (or oxygen) atom. Now the internal energy, E, can be derived from Eqs. (17) and (18) as
where a 1 and a 2 are the degree of dissociation and the degree of ionization which can be easily calculated from equilibrium equations, and e H 2 O ¼ 3kT and e ¼ 3/2kT are internal energies for water molecule and all other particle species, respectively. The particle-molecule ratio, g, can be expressed as
Due to the high temperature of the constituents inside the bubble, the thermal radiation also needs to be considered in underwater spark discharge plasmas. Furthermore, this radiation will strongly interact with the charged particles inside the bubble. So, a realistic radiation model 15 considering optical thickness of the participating medium should be employed. The radiation energy flow rate can be calculated by
where I vp is the energy flux of blackbody radiation and s v is the spectral optical thickness of the spherical bubble. Mass exchange at the bubble wall plays a very important role as bubble properties vary. According to gas dynamic theory 25 and radiant evaporation, the mass flow rate of water, _ m, and corresponding energy flow rate, q m , can be expressed as
In Eq. (22), the first term is due to gas dynamic, where a M is the accommodation coefficient for evaporation or condensation (assumed constant), equal to the ratio of vapor molecules sticking to the phase interface to those impinging on it, p is the actual vapor pressure, p* is the equilibrium vapor pressure, T and T l are the temperatures of the vapor and the liquid at the phase interface, respectively, and R v is the gas constant of the vapor. The deviation of the velocity distribution from a Maxwellian distribution is described by the factor C, which is equal to unity for equilibrium conditions. 24 Second term is radiant evaporation mass flow, where T ph is the phase change temperature of water, c l is the liquid specific heat capacity at constant pressure, and l is the latent heat of evaporation or condensation. In Eq. (23), c p (T) is the vapor specific heat capacity at constant pressure. The equilibrium vapor pressure can be calculated from ClausiusClapeyron equation as
where T c and p c are the temperature and pressure at the critical point, for water 647:096 K and 2:206 Â 10 7 Pa, 24 respectively. The specific heat at constant pressure can be expressed as
Note, the time derivative of water molecule number can be expressed as
C. Circuit model
The circuit of the power system is shown Fig. 1 (similar power systems are used in Refs. 6 and 15). This circuit includes two function sections, charge section and discharge section, sharing a capacitor. In the beginning of each pulse cycle, power source charges the capacitor to high voltage via transformer in the charge section. When spark gap switch is triggered, a high energy pulse is generated from discharging the capacitor and ignite underwater spark between two underwater electrodes. Then bubble is generated and oscillated as described. In this paper, the electrodes are 2 mm in diameter and the gap between electrodes is set as 0.2 mm.
During the discharging period, the bubble of plasma can be simply treated as a resistor. Thus, the discharge section becomes a series RLC circuit. So, we can use series RLC model to simulate this section
In Eq. (27), L is the inductance of this section, X total ¼ X c þ X g is the total resistance in this section, including both circuit resistance X c and gap resistance X g , i is the current, C is the capacitance, and V C represents the voltage on the capacitor. Then, the input power can be determined as
Since the two resistances are the only power consumption devices in the circuit and circuit resistance remains constant, the input energy is related to the gap resistance.
III. RESULTS AND DISCUSSION
A. Salinity analysis Salinity influences the electrical conductivity of the liquid. Thus, it is very important in the electrical breakdown of water and the subsequent thermal and hydrodynamic phenomena. The ratio of electrical permittivity to conductivity in liquid, e l /r l , i.e., the Maxwell relaxation time is the time scale which characterizes the charge relaxation due to Ohmic conduction, and for a very short energy pulse relative to this relaxation time the fluid behaves as a dielectric. 10 Bourlion et al.
6 presented voltage and current curves for both pure and saline water conditions. They used sodium chloride aqueous solution with concentration of 100 g=l, which can be convert to electrical conductivity of 14:29 S=m. For pure water discharge, after a random latency period, under-damped discharge ignites to high oscillating current. In saline water case, current curve is aperiodic, which indicates that the discharge is close to critically damped. From this phenomenon, one can imply that the resistance during the saline water discharge is higher than the resistance during the pure water discharge.
The larger gap resistance for saline water can be also explained by the mechanism in the first part of underwater spark. For dielectric liquid, such as pure water, since the liquid resistance is very high, even high electric potential cannot penetrate through. Then, a low density liquid channel is generated by high electric field in the gap between electrodes. Therefore, a random latency period 6 may appear in this case due to the channel formation process. Electrical discharge initiated in the channel evaporates and then ionizes the liquid into plasma, which become a low conductivity channel for releasing stored energy. For conductive liquid, this high electric field directly moves charged particles in the liquid to release energy bypassing the formation of a low density channel. Subsequently, the liquid evaporates, and eventually ionizes, due to Joule heating. Thus, relatively higher resistance in this case can be explained as heavier charged particles in comparison with the case of pure water (dielectric liquid). Furthermore, it can be foreseen that there must be a threshold condition connects these two typical cases describe above.
In summary, gap resistance during under water discharge contains two parts, one is the resistance of plasma FIG. 1. Circuit of experiment setup, A is A/C power source, T is transformer, D is diode, C is the capacitor, G is spark gap switch, S is safety resistance, and E is underwater spark. channel, and the other is the resistance of surrounding liquid. The expression of plasma channel resistance can be modified from 26 by adding energy forming pre-discharge channel to the internal energy. The resistance for surrounding liquid can be calculated from liquid resistance before discharge and the bubble radius. When bubble expands, the surrounding resistance will increase in proportion to the radius. That is, due to the path between electrodes through liquid directly relates to the radius when bubble exists. Then the gap resistance can be represented as modified plasma channel resistance parallel with surrounding liquid resistance (Fig. 2) 1
In Eq. (29), X pl and X liq can be represented as
where
where A pl is a constant which characterize the content of the spark channel, l g is the gap length, E* is the energy forming pre-discharge channel under dielectric liquid, and X 0 represents the liquid resistance before discharge which can be calculated from solving the Poisson equation according to the electrodes geometry. We solve the Poison's equation according to the geometry of the experimental setup. The results of electrical potential and electrical field are shown in Fig. 3 . Then, the equivalent resistance of the saline water can be calculated by
Here, V g ¼ 1 V denotes voltage applied between two electrodes, I g is the current pass through the gap, r s is the saline water conductivity, and the integration is along the Y ¼ 0 line. For saline water case described above, the gap resistance is calculated as 2000 mX. After getting all parameter required from Eq. (29), the current curves can be simulated using the model. In Fig. 4 , it can be seen that the numerical simulation and experimental data fit very well with each other.
B. Simulation results
In this paper, five different cases are numerically simulated for studying the underlying influences of salinity and pressure. For numerical simulations of all cases, initial conditions and parameters are selected and validated according to experimental work by detecting pressure pulse generated by the spark discharge 
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Based on the experimental setup, 6 the following circuit parameters are utilized:
In the latency period of unsalted case, the capacitor voltage decrease to 13.5 kV. So, the initial voltage of unsalted case is set to 13.5 kV.
The water properties for all cases are listed in Table I . The gap resistances for unsalted water and salted water case are calculated from fitted value. While the gap resistance for all seawater cases is calculated from the conductivity ratio between themselves and salted case. The seawater salinities and temperatures are the average values.
Salinity study
For salinity study, all properties during bubble expansion and oscillation process of all atmospheric cases are plotted together for comparison in Figs. 5-7 . In order to compare the differences, the time axis of each case is plotted in logarithmic scale and is normalized according to the first bubble oscillation cycle period. The first cycle periods of all 3 cases are shown in the legend of Fig. 5(a) in parentheses. Note that the first cycle period for unsalted case does not include the random latency period. Similar first cycle periods are also observed in salinity studies. Several nanoseconds after the channel formation, the bubble grows rapidly till it reaches to a maximum in about 2 ms. This is followed by a slightly slower decay phase of the bubble radius that ends at about 3.5 ms.
Comparison of bubble radii is plotted in Fig. 5(a) . As shown in the legend, the first bubble cycle periods are 3.45 ms, 3.61 ms, and 3.71 ms for unsalted, salted, and seawater cases, respectively. First cycle periods of all 3 cases are close to each other. Similarly, the maximum radii for unsalted (1.836 cm), salted (1.923 cm), and seawater (1.948 cm) cases are also very close. Furthermore, after first expansion, the bubble shrinks to a smaller size due to liquid compressibility. Although the bubble radii are almost identical for all three cases, the maximum wall velocities of the bubble shown in Fig. 5(b) vary with salinity differences. Saline water cases tend to have higher wall velocity in the beginning stage of the discharge. Furthermore, the trend of wall velocity is the same as that of pressure shown in Fig. 5(c) . The velocity of bubble wall is in the transonic range of water and the pressure is in GPa level. Combination of the velocity and pressure, the spark discharge bubble can generate powerful acoustic wave. Fig. 6(a) shows the instantaneous input power to the bubble from the power circuit. The periodic decreasing curve of unsalted case implies an under-damped discharge; larger aperiodic curve of salted case indicates a critically damped discharge; while the wider aperiodic curve of seawater case indicates an over-damped discharge. Moreover, Fig. 6 (a) also shows that the salted case requires the largest peak input power among these three cases. Temperature comparisons plotted in Fig. 6(b) show a sudden increase for all cases. The salted water case tends to have higher and earlier temperature rise. As shown in Eq. (21), radiation power is related to temperature and bubble surface area, the curves in Fig. 6 (c) show combined trends from them. Fig. 7 shows energy distribution during the first bubble cycle. Radiation energy curves plotted in Fig. 7(a) calculated by integrate radiation power along time. It shows that the salted and seawater cases lose similar amount of energy through the process, while the unsalted case loses slightly less. The internal energy (shown in Fig. 7(b) ) difference in the beginning stage is due to the different input power curve. Since similar energy distributes into radiation loss and internal energy, the differences on mechanical energy is mainly due to the different amount of energy input into the gap.
The difference among atmospheric cases can be explained as follows: the total input energy to the gap can be calculated from simulation as 7.72 J (unsalted), 8.36 J (salted), and 9.28 J (seawater). Additionally, it is known that the circuit is under-damped in unsalted water, almost critically damped in salted water, and over-damped in seawater case. These differences lead to the fact that the input power of unsalted case is smaller but last periodically, the input power of salted case is higher and more intense, and the input power of seawater case starts earlier and last longer without periodic features. The earlier input power will be just used to heat smaller amount of particles in a smaller bubble, which results with higher temperature and pressure in seawater case. However, intense temperature peak in early stage emits less radiation energy due to smaller bubble surface area in salted case. Meanwhile, high pressure inside the bubble does more mechanical work during bubble expansion process in both salted and seawater cases. Since the internal energy and radiation energy are about the same at the end of first cycle, mechanical energy differences are mainly due to the difference of energy input to the water gap.
Ambient pressure study
The effect of different ambient pressures is also studied by simulating seawater spark discharge at different depths. Figs. 8-10 show the comparisons of all properties for all cases in seawater. Similarly, the time axis of each case is plotted in logarithmic scale and is normalized according to the first bubble oscillation cycle period. The cycle periods of all 3 cases are shown in the legend of Fig. 8(a) in parentheses. Fig. 8(a) shows the comparison of radii for all seawater cases. It shows that the deeper the case locates, the smaller the bubble can expend and the shorter the first bubble cycle can last. Furthermore, apart from the radii comparison, other The study between different ambient pressure cases indicates that large ambient pressure prevents the vapor bubble from expanding to larger radius due to thermodynamic relations of pressure, temperature, and specific volume. This results in a smaller first bubble cycle. So, bubble properties like temperature, pressure, and system energy of deep ocean cases do not have enough time to develop as in atmospheric case.
3. Thermal radiation study This can be explained by the fact that the smaller radiation rate leads to a smaller radiation heat loss at the beginning of the bubble cycle in model (b). Then, the temperature of vapor inside bubble will be higher than that of model (a) which results with higher radiation rate and longer first bubble cycle period when bubble expands and decays. Also, due to high voltage ($15 kV) and small capacitance in the case studied here, energy input rate is much higher than low voltage high capacitance underwater spark discharge. This results in higher temperature and higher particle density. So, radiation energy loss in this case is relatively higher.
IV. CONCLUSION
In summary, we introduced a new resistance model for spark discharge in dielectric and conductive liquids. We numerically investigated the bubble formation and oscillation processes created by underwater spark discharge in different salinity and different ambient pressure conditions. The different energy releasing mechanisms in conductive and dielectric liquids have been investigated. Additionally, spark discharge generating in deep ocean conditions was also simulated.
An experimentally validated bubble growth model was used for the bubble simulations. Although all simulations in this work showed periodic oscillation of bubbles, as the bubble grew in size its boundary become unstable causing random collapse during the process. This explains why there was no second bubble cycle detected in some cases.
We demonstrated that gap resistance in the circuit is the key difference between underwater sparks in dielectric liquid and in conductive liquid. After the spark gap switch is triggered, high voltage difference is applied on the electrodes. Afterwards difference discharging processes are initiated. In dielectric liquid (pure water), low resistance plasma channel connecting the electrodes is initiated by electrostatic repulsion and electrostriction force or the presence of a small bubble in the gap after a random latency period. Then, stored energy releases through the channel. In conductive liquid (salted water and seawater), stored energy releases directly through the current driven by high electric field in the conductive liquid which results in higher resistance. Furthermore, the gap resistance influences total energy release into the liquid and its damping characteristics. Specifically in conductive liquid, the larger total input energy for a single intense pulse shaped input power generates higher temperature, higher pressure, and higher bubble wall velocity. Therefore, more mechanical energy is released to surrounding liquid in comparison with dielectric liquid case. Hence, bubble generated by spark discharge in conductive liquid has larger pressure, no latency period, and does more mechanical work with the same energy consumed.
Ambient pressure is another parameter investigated in this work. Results from 500 m and 1000 m deep seawater simulations indicate smaller bubble radii and shorter bubble cycles in comparison with atmospheric seawater case. However, the maximum pressure and temperature within the bubble are nearly the same in both cases. Results suggest the underwater spark discharge process is applicable even in deep ocean conditions. 
